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EpileptogenesisLate seizure relapses following temporal lobectomy for drug-resistant temporal lobe epilepsy occur in 18–30% of
operated-on cases, and recent evidence suggests that a signiﬁcant proportion of them are due to maturation and
activation of proepileptic tissue having deﬁed initial resection and located at the vicinity of or at a short distance
from its borders, usually over the posterior medial, basal temporal-occipital, and lateral temporal regions. Experi-
mental studies in animals and functional imaging studies in humans suggest that the area tempestas, a particular
region of the basal-frontal piriform cortex, is critical for kindling and initiation and propagation of seizure activity
arising from different cortical foci, especially limbic ones. This case report of a patient with late seizure relapse,
three years following an initially successful right temporal lobectomy for ipsilateral medial temporal sclerosis, is
the ﬁrst one in the literature to demonstrate interictal EEG–fMRI evidence of signiﬁcant BOLD signal changes
over the inferior, basal and lateral temporal and temporooccipital cortices posterior to the resection margin, plus
a signiﬁcant BOLD signal change over the ipsilateral basal frontal region, closely corresponding to the piriform
cortex/area tempestas. Our case study provides further functional imaging evidence in support of maturation/
activation of proepileptic tissue located at the vicinity of the initial temporal lobe resection in cases of late seizure
relapses and suggests, in addition, a possible role for the piriform cortex/area tempestas in the relapsing process.
© 2013 The Authors. Published by Elsevier Inc.Open access under CC BY-NC-ND license.1. Introduction
Late seizure recurrences following temporal lobectomy for intracta-
ble epilepsy occur in 18–30% of operated-on patients [1–4]. It has been
suggested that these late relapses are due to maturation of proepileptic
tissue having deﬁed initial resection and being located usually at the vi-
cinity of it [4,5]. The term proepileptic can be used to characterize tissue
which is not yet epileptogenic but encompasses the potential to become
epileptogenic following a maturation time interval and under certain
circumstances (such as facilitatory long-term inﬂuences from nearby
epileptogenic structures and networks) [5]. According to a recent report
from the Cleveland clinic group [4], posterior medial/basal and lateral
temporal and occipital areas are the most likely regions harboring this
type of proepileptic tissue whose late maturation is held responsible
for seizure reappearance. On the contrary, early recurrences are associ-
ated with incorrect localization and resection of the epileptogenic zone
or with partial/incomplete resections only.
Experimental studies have shown that the area tempestas (AT),
a particular region lying within the primary olfactory cortex (OC), isiki, “St. Luke's”Hospital, 55236,
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ized or focal seizure activity [6–8]. In humans, relevant evidence has
been recently described in an interictal EEG–fMRI and ﬂumazenil-PET
(FMZ-PET) group analysis of patients with partial-onset epilepsies of
various locations [9]; EEG–fMRI revealed signiﬁcant BOLD signal
changes associated with interictal sharp wave activity to ipsilateral
basal frontal-OC, corresponding to a presumed AT location, as well as
concordant signiﬁcant increases in FMZ-PET volume of distribution
(FMZ-VT), compared to healthy subjects.
In this study, we present interictal EEG–fMRI evidence of AT involve-
ment in a well-documented case of mesial temporal sclerosis (MTS)
having a satisfactory seizure outcome following an ipsilateral temporal
lobectomy for the ﬁrst three years since the procedure and relapsing
subsequently during antiepileptic drug tapering.
2. Materials and methods
2.1. Case preoperative history
This 25-year-old right-handed man presented with a history of
drug-resistant partial-onset seizures since age 10 years. He had no
personal or family risk factors for epilepsy. Seizure semiology consisted
of a rising epigastric sensation, a fearful feeling, clouding of conscious-
ness, and oral and hand automatisms. He had no history of secondary
generalizations. By the time of the presurgical evaluation, the patient's
seizures had failed to improve after repeated trials with almost allnse.
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schemes, and he had been experiencingmainly diurnal seizures in clus-
ters of 3–4 within 48 h, 2–3 times per month. Presurgical long-term
video-EEG monitoring revealed the presence of strictly right hemi-
spheric interictal sharp-wave activity, most of it showing an anterior-
inferior temporal max (F8/F10 and T4/T10) and, less frequently, an
anterior-frontal one (Fp2/F4). Typical seizures were recorded with a
broadly distributed ictal rhythm consisting at onset of repetitive 2- to
3-Hz sharp-wave activity over the right frontotemporal region spread-
ing subsequently to the ipsilateral centroparietal region and in a less
well-organized manner to the contralateral side as well. MRI revealed
ﬁndings strongly suggestive of right-sided MTS. There were no MRI
ﬁndings suggesting right frontal lobe pathology. The patient ﬁnally
underwent an ipsilateral anteromedial temporal lobectomy. Acute
preresection electrocorticography through subdural strips conﬁrmed
robust spiking from the temporal pole and medial-basal temporal re-
gion. The lateral-inferior frontal cortex was explored revealing infre-
quent spikes. The hippocampus was resected up to 2.5 cm along its
length. Biopsy conﬁrmed the presence of severe hippocampal sclerosis.
2.2. Case postoperative history
At 3, 12, and 24 months postoperation, the patientwas continuously
seizure-free and had had normal routine EEGs. Until the 24th month,
the patient has been constantly on his preoperative antiepileptic re-
gime, consisting of levetiracetam 2000 mg/day and oxcarbazepine
1200 mg/day. By that time, gradual oxcarbazepine withdrawal was un-
dertaken, removing 300 mg from the total daily dosage every 3 months.
About one month following complete oxcarbazepine withdrawal and
under conditions of intense emotional stress, the patient relapsed. He
would report again the same aura of rising epigastric sensation and fear-
ful feeling, along with the same preoperative semiology of oral and
manual automatisms, albeit with less clouding of awareness, shorter
seizure duration, and rapid recovery. He experienced about 10 isolated
events within the next 3 months until he was subjected to a new
video-EEG study. The study revealed strictly unilateral, right-sided
interictal sharp wave activity localized over the frontotemporal region
(Fp2/F4/F8) (Fig. 1A). Several typical seizureswere recordedwith semi-
ology similar to his preoperative ones and an ictal EEG correlate
consisting of semirhythmic 2- to 3-Hz repetitive sharp waves evolving
to 3- to 4-Hz sharply contouredwaves,with a broad right anterior quad-
rant distribution closely resembling the preoperative ictal EEG (Fig. 1B).
A new MRI scan demonstrated the cavity of the initial anteromedial
temporal lobectomy and no evidence of new pathology.
Oxcarbazepine was reintroduced to his antiepileptic regime and
titrated to prelapse dosage (1200 mg/24 h). Since then, the patient
has reportedly returned to being seizure-free again.
3. Results
The patient underwent a 30-min EEG–fMRI study in theMR scanner,
duringwhich he remained in relaxed awarenesswith eyes closed. Eigh-
teen spike–wave discharges of right frontal/frontotemporal distribution
(Fig. 1A) were identiﬁed and analyzed. The technical details of the EEG–
fMRI procedure and analysis can be found in a previous study [10].
The interictal analysis revealed areas of statistically signiﬁcant BOLD
signal change as follows:
– decreased BOLD signal clusters over the right inferior/basal
temporal (close to the lateral resection borders), inferior lateral
temporooccipital, and posterior mesial/basal occipital regions (at a
distance from the posterior resection margin) (Fig. 2B, C, and D,
respectively);
– increased BOLD signal over the right posterior lateral temporal neo-
cortex (Fig. 2A) and over the right basal frontal/piriform cortex (PC)
and inferior basal-ganglionic region (corresponding to AT) (Fig. 2A).4. Discussion
Besides afferent inputs from the olfactory bulb and basal forebrain,
the PC and AT receive inputs from several subcortical structures, includ-
ing the hypothalamus, raphe nuclei, ventral tegmental area, locus
ceruleus, etc., and provide dense efferent connections to the ventrolat-
eral orbital and lateral orbital cortex, amygdala, entorhinal cortex and
subiculum, insular neocortex, mediodorsal thalamus, and hypothala-
mus as well [6,7]. Experimental evidence exists that PC/AT may serve
as a site from which seizures and kindling may be evoked and may
also be involved in the propagation and ampliﬁcation of epileptic dis-
charges elicited from other brain areas, especially limbic ones [6,8].
The human equivalent of AT has been demonstrated by Laufs et al.
[9] in their EEG–fMRI and FMZ-PET group analysis of patients with par-
tial-onset epilepsy; the activated area in our case closely corresponds to
the position indicated in that study (the reader is referred to [9] for a di-
rect comparison). So far, EEG–fMRI evidence of AT involvement has
been shown in this study and in group analysis only. To the best of
our knowledge, this is the ﬁrst report demonstrating interictal EEG–
fMRI evidence of AT involvement following late seizure recurrence
after temporal lobectomy at the single-case level. Certainly, we do not
have preoperative EEG–fMRI data to compare and determine whether
AT involvement was evident preoperatively or its involvement began
at some point in time following the operation. In this last case, a more
direct facilitatory inﬂuence of AT in the recurrence process might be in-
ferred. Even thoughwe do not possess information about the preopera-
tive status of AT, our data still provide evidence supporting a facilitatory
inﬂuence of this region in epileptogenesis.
An alternative explanationwould be that it is not the AT, per se,which
is involved due to its unique seizure-inducing properties but an indepen-
dent occult epileptogenic pathology coincidentally located at the same
region. We certainly cannot deﬁnitely rule out this hypothesis, given
that we did not have direct electrocorticographic explorations of this
area nor any tissue resected from it available for analysis.We think, how-
ever, that such an interpretation is very unlikely for the reasons that fol-
low. First, as already commented on, late seizure relapses after temporal
lobectomy aremost likely related to thematuration of proepileptic tissue
located close to, or at some distance from, the original epileptogenic
zone. Posterior lateral, basal, and inferior temporal and temporooccipital
areas are commonly implicated in this regard [4,5], and in our case,
BOLD signal changes in EEG–fMRI were deﬁnitely detected over
these areas, suggesting their involvement. Second, seizure semiology
remained the same as preoperatively, consistent with spread over
the same symptomatogenic zone. Symptoms and signs were strongly
suggestive of temporolimbic network involvement, and hyperkinetic
features consistent with basal frontal recruitment [11] were never
reported or observed. In addition, detailed questioning did not elicit
any recollection of olfactory hallucinations, typical for seizures arising
from theOC [12]. Third, preoperativeMRI suggested and histopathology
conﬁrmed the presence of severe hippocampal sclerosis, and there was
noMRI abnormality over the basal frontal region. Certainly, the absence
of an abnormality onMRI does not necessarily rule out the presence of a
subtle developmental lesion. However, in most double pathology tem-
poral lobe epilepsy cases (MTS plus malformations of cortical develop-
ment/focal cortical dysplasia), both pathologies colocalize into the
same temporal lobe [13,14]. It is important to note that at the time of
the operation, the inferolateral frontal cortex was explored through
acute preresection electrocorticography, and only sparse spikes were
recorded from it, in sharp contrast to very frequent spiking from the
anteropolar and mediobasal temporal regions.
All of the above considered, we think that the scenario of an MRI-
occult, independent epileptogenic lesion over the basal/OC frontal region
is very weak, and a precise colocalization of such a hypothetical lesion
with AT should be an extremely coincidental event. Instead, we believe
that the recurrence is due to activation of proepileptic tissue located
over the temporal/occipital areas close to or at a short distance from the
Fig. 1. A) Interictal EEG of our patient showing a typical discharge of right frontal/frontotemporal distribution. B) Ictal EEG with right frontal/frontotemporal onset.
Fig. 2. EEG–fMRI results of our patient showing discharge-correlated BOLD changes in: A) the right AT (z = 4.04, BOLD+) and the ipsilateral posterior lateral temporal neocortex
(z = 3.82, BOLD+); B) the right anterior inferior temporal gyrus (z = 4.77, BOLD−), opposite to the posterior resection border; C) the right posterior inferior temporal gyrus (z = 6.81,
BOLD−); and D) the right mesiobasal occipital region (z = 6.07, BOLD−).
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regard to the areas showing decreased BOLD signal, given the overall am-
biguity about the nature and speciﬁcity for epileptogenic focus localiza-
tion of BOLD decreases [15]. Despite uncertainties in this regard,
negative BOLD signal changes in the region of the spike ﬁeld and epilep-
togenic zone are described in about 10% of EEG–fMRI studies in patients
with focal epilepsies [16,17] andmay be evenmore prevalent in pediatric
cases [18]. In addition, the sites of decreased BOLD signal in our casewere
all located on the ipsilateral-to-the-operation temporal and occipital
lobes close to or at some distance from resection borders and far away
from the “default network” regions that typically show BOLD signal de-
creases and are related to transient alterations in cognition rather than
to true epileptic activity originating from these sites [15,19,20].5. Conclusions
We propose that proepileptic tissue at the vicinity of the initial resec-
tion and AT may facilitate each other, ending up in seizure recurrences.
Proepileptic tissue may induce a subclinical kindling-like process, which,
at some point in time, involves AT. By that moment and thanks to this
area's anatomofunctional properties, more extensive brain areas and net-
works are possibly recruited, and clinical seizures emerge. In addition,
alterations of subcortical inputs (due to physical/psychological stresses
for example) may have an impact on AT function, leading under certain
circumstances to an activation of its kindling properties upon susceptible
brain regions as well. Either one or both mechanisms might be operative
on a case-by-case basis with seizure recurrence as the ﬁnal outcome.
Certainly, further EEG–fMRI studies of surgical cases are required in
order to assess AT signiﬁcance for surgical outcome prognosis: for ex-
ample, activation of this area preoperatively might be a marker of al-
ready established facilitatory inﬂuences with a concomitant higher
risk for postoperative seizure recurrence. It might also stress the need
for targeted and region-speciﬁc pharmacologic interventions.Acknowledgments
This study was partially funded by the European Commission under
the 7th Framework Programme (project number 287720). The authors
have no conﬂict of interest to disclose.References
[1] Schwartz T, Jeha L, Tanner A, Bingaman W, Sperling M. Late seizures in patients ini-
tially seizure free after epilepsy surgery. Epilepsia 2006;47:567–73.
[2] Yoon H, Kwon M, Mattson R, Spencer D, Spencer S. Long-term seizure outcome in
patients initially seizure free after resective epilepsy surgery. Neurology 2003;61:
445–50.
[3] McIntosh A, Kalnins A, Mitchell A, Fabiniy G, Briellmann R, Berkovic S. Temporal lo-
bectomy: long-term seizure outcome, late recurrence and risks for seizure recur-
rence. Brain 2004;127:2018–30.
[4] Jehi L, Silveira D, Bingaman W, Najm I. Temporal lobe epilepsy surgery failures: pre-
dictors of seizure recurrence, yield of reevaluation and outcome after reoperation.
J Neurosurg 2010;113:1186–94.
[5] Najm I, Jehi L, Palmini A, Gonzales-Martinez J, Pagliogli E, Bingaman W. Temporal
patterns and mechanisms of epilepsy surgery failure. Epilepsia 2013;54:772–82.
[6] Loescher W, Ebert U. The role of the piriform lobe in kindling. Prog Neurobiol
1996;50:427–71.
[7] Ekstrand J, Domroese M, Johnson D, et al. A new subdivision of anterior piriform cor-
tex and associated deep nucleus with novel features of interest for olfaction and ep-
ilepsy. J Comp Neurol 2001;434:289–307.
[8] Gale K. Focal trigger zones and pathways of propagation in seizure generation. In:
Schwartzkroin P, editor. Epilepsy: models, mechanisms and concepts. Cambridge
University Press; 1993. p. 48–93.
[9] Laufs H, RichardsonM, Salek-Haddadi A, et al. Converging PET and fMRI evidence for
a common area involved in human focal epilepsies. Neurology 2011;77:904–10.
[10] Kokkinos V, Garganis K, Zountsas B. Epileptogenic networks in two patients with hy-
pothalamic hamartoma. Brain Topogr 2012;25:327–31.
[11] Rheims S, Ryvlin P, Scherer C, et al. Analysis of clinical patterns and underlying epi-
leptogenic zones in hyperkinetic seizures. Epilepsia 2008;49:2030–40.
[12] Mizobuchi M, Ito N, Tanaka C, Sako K, Sumi Y, Sasaki T. Unidirectional olfactory hal-
lucination associated with ipsilateral unruptured intracranial aneurysm. Epilepsia
1999;40:516–9.
[13] Srikijvilaikul T, Najm I, Hovinga C, Prayson R, Gonzales-Martinez A, Bingaman E.
Seizure outcome after temporal lobectomy in temporal lobe cortical dysplasia.
Epilepsia 2003;44:1420–4.
[14] Kalnins R, McIntosh A, Saling M, Berkovic S, Jackson G, Briellmann R. Subtle micro-
scopic abnormalities in hippocampal sclerosis do not predict clinical features of tem-
poral lobe epilepsy. Epilepsia 2004;45:940–7.
[15] Kobayashi E, Bagshaw A, Grova C, Dubeau F, Gotman J. Negative BOLD responses to
epileptic spikes. Hum Brain Mapp 2006;27:488–97.
[16] Rathakrishnan R, Moeller F, Levan P, Dubeau F, Gotman J. BOLD signal changes pre-
ceding negative responses in EEG–fMRI in patients with focal epilepsies. Epilepsia
2010;51:1837–45.
[17] Bagshaw A, Aghakhani Y, Benar C, et al. EEG–fMRI of focal epileptic spikes: analysis
with multiple hemodynamic functions and comparison with gadolinium-enhanced
MR angiograms. Hum Brain Mapp 2004;22:179–92.
[18] Jakobs J, Kobayashi E, Boor R, et al. Hemodynamic responses to interictal epilepti-
form discharges in children with symptomatic epilepsy. Epilepsia 2007;48:2068–78.
[19] Laufs H, Hamandi K, Salek-Haddadi A, Kleinschmidt A, Duncan J, Lemieux L. Tempo-
ral lobe interictal epileptic discharges affect cerebral activity in “default mode” brain
regions. Hum Brain Mapp 2007;28:1023–32.
[20] Fahoum F, Lopes R, Pittau F, Dubeau F, Gotman J. Widespread epileptic networks in
focal epilepsies: EEG–fMRI study. Epilepsia 2012;53:1618–29.
